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Recent developments in satell ite tec hnology have made 
thermal infrared imag ery read ily available to resource sc ientists  
for research purpo ses . Since thermal infrared rad iation emitted 
by any surfac e  depends on the temperature of that surface , any 
fac tor s whic h aff ect  the temperature of the earth ' s  surface can in 
theory be measured by satel lite . So il mo is tur e is such a fac tor . 
The larg er heat capac ity and -thermal conduct iv ity o f  mo isture laden 
so ils together with evaporation from mo ist surface s  will affect 
the surface t emp erature to a considerable d egr ee . These eff ects 
cause a bare or canopy covered wet so il area to b e  cooler dur ing 
the day than a correspond ing dry s oil area . If  the r elat ionship 
between so il mo isture and surface temperature can b e  quant if ied , 
sat ellit e thermal inf rared imagery should allow the mon itor ing 
of so il mo i s ture over large areas of the ear th . 
Sinc e t he atmo sphere attenuates the rad ia t �on emit ted by 
the earth, t he ac tual surface temperature is  d if f icult to mea sure 
accurately f rom satellite heights . However , the t empera tur e d if ­
f erence between two locat ions on the earth c an  b e  measured t o  a 
better approximat ion if the atmosphere attenuat es t he rad iat ion 
equally over bo th surfaces . Thu s ,  the temperatur e d if ference 
between two loca t ions is more accessible than the actual surface 
temp erature of each surface . If sur face temperature d if f erence 
does correlate to soil mo isture dif f erence , then r elat ive mo isture 
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cont ent can b e  calculat ed . Consequently , if a ref erence mo istur e 
is available for one location , the mo is tur e conten t  of the so il at 
the other location can be obtained . 
The d if f erenc e in s urface temperature may d epend on many 
var iables other than so il mo is ture .  So il typ e ,  cl imatic cond it ions , 
plant canop ies , topography and other var iables can alter the surface 
temp eratur es.  By controlling these var iables for two soil plots 
and vary ing so il mo isture ,  a -corr elat ion betwe�n moisture d iff er ence 
and surface t emp erature dif f erenc e can be inves t igated and analyzed . 
A f inite d if f er ence heat f low model has been developed which 
will pred ic t soil t emperatu res as a funct ion of t ime throughout the 
so il prof ile from the surfac e to a dep th of  50 em (Meyer , 197 2 ) . Ex­
p er imental tests of  this mod el have shown it to qual ita t iv ely agree 
with f ield cond it ions ind icat ing that it s equat ions reasonably 
s imulat e ac tual physical processes that occur in the so il (Beutler , 
1980) . Many parameter s  associated with so il and so lar rad iat ion 
as well as p lant canop y chara cterist ic s  have been incorporated into 
the model . A ser ies of calculations utiliz ing the model have pre­
dicted a quadrat ic rela t ionship between so il mo isture d if f erence and 
surface t emp eratur e d if f erence (Nes s ,  1982) . 
The pr imary goal of this re search is to e xp lor e the exper i­
mental r elat ionship between these var iables ut il izing so il plots 
of d if f er ing so il mo is tur e prof iles and compar ing t he result s with 
model pred ic t ions . 
OBJECTIVES 
S p e cif ic ob ject ives of this pro jec t p er tain ing to the pre­
d ic t ion of so il mo isture by acqu ired surface t emperature d if f erences 
were :  
1 .  To exper imentally collec t surface temp erature data 
with varying so il mo is ture prof iles along with other 
p ertinent var iables controlled or m easur ed . 
2 .  To statist ically�nves t igate the relat ionship between 
surf ace t emperature d if f erences and soil mo isture 
prof iles . 
3 .  To c ompare resu lts of this analys i s  to t ho se predicted 
by the computer models .  
BACKGROUND LITE RAT URE 
The f ir s t  evaluat ion of satel lite t hermography as a n  in­
d icator of so il mo is ture was performed by Mo ore ,  et al ( 1 9 7 5 ) . 
This evaluat ion of S KYLAB data showed a po sit ive correlat ion be­
twee n so il mo is ture and thermal emitta nce . It was conc luded that 
thermal data from satellite alt itudes had good pot ent ial for use 
in mon itor ing so il mo isture and for irr igation schedul ing . S c hmugg e 
( 19 7 8) and Reg inato ( 1 976)  have sho wn  agreement between thermal 
infrared t emp eratur es and tho se measured by thermocouples in con­
tac t with the so il .  A study by Tunhe im ( 19 7 7 )  f ound s ignif icant 
correlat io n  between a ircraf t thermal i nfrared imagery and so il 
t emperature in f ields cau sed by near-surface water tabl es asso � 
c iated with saline seep s .  A considera ble number of  stud ies re­
sult ed from the Heat Capac ity Mapp ing Miss ion (HCMM) launched by 
NASA in Apr il 1978 . The sa tellite carr ied a rad iometer sens it ive 
to the 10 . 5 -12 . 5  micron range . A number of these correlation 
stud ies of the relat ionsh ip between thermal infrar ed imagery and 
surface character is t ic s  have been summar iz ed in a f inal report . 
A g eneral conclu s io n  of  this report is that more wor k  need s  to be 
done before thermal infrared measurement s may be u s ed for any opera­
tional u se to measure so il mo is tur e ( S hort , 1982 ) . 
By construct ing mod els to s imulate the in terac t io n  of solar 
rad iat ion with the surface of the earth, surf ace t emperature char­
ac ter is t ic s  can be under stood and related to thermal emit tance .  
Such models ar e generally complex and intr icat e .  These models use 
so il phys ic s  and complex mathemat ic s  to simulate solar heat f lux 
into the surf ace of so il s .  
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Meyer ( 19 7 2 )  developed a f inite d if f erence hea t transf er 
model to s imulate the flow of heat through a so il med ium a s  a 
func t ion o f  so il mo isture .  Th is model would pr oduc e  a temperatur e 
prof ile f or a med ium of so il at a constant mo istur e content in a 
d iurnal per iod . 
Pr ic e  (19 80)  developed a model to u se r emo t ely sensed thermal 
data to inf er 24 hour mean evaporat ion rates and the d iurnal heat 
capac ity as controlled by so il mo isture . This model calculates 
mean surface temperature by establishing relat ionship s  f or a b-
sor bed and emitted longwave and shortwave rad ia t ion . Albedo and 
sur face temperatur es  are o btained by satellite measuremen t s ,  while 
other var ia bl es are o bta ined from meteorolog ical data and knowledge 
of surface character ist ics . 
Camillo and S c bmugge ( 1981) have developed a very intr ica te 
model s imula t ing mo isture and heat f low through so il s . This model 
g ives wetnes s and temperature prof iles as a func t ion of t ime .  
S imula t ions of heat and mo isture f low qual itat ively agree with 
actual f ield cond it ions . Th is qua litat ive agr eement between s imu­
lated and measur ed prof iles is an ind icat ion that the model ' s equa­
t ions ar e reasonab ly accurate representat ion of phys ica l processes 
involved . 
An emp ir ical model ha s  been developed by Id so ( 1 97 5 )  that 
emp ir ically calculates so il mo istur e from the max imum d iurnal 
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temperature change for bare so il surf ace . Zhang Ren-hua ( 1 98 0) has 
mod if ie d- this mode l u t il iz ing energy budget equa tions for the 
ground surface . Th is model at t empts to s imu late surface inter ­
act ion between soil and so lar f lux a nd from this emp ir ically pr e­
d ic t  so il mo is ture .  Also usin g  emp ir ical methods , Heilman and 
Moore ( 19 8 1 )  have shown surfa ce temperatures for so il s  can be 
est imat ed from r emote measurements of canopy temp eratures if 
minimum a ir t emp eratur e and per cent canopy cover are known . They 
a lso show good correlat ions between so il mo isture and surface 
temper ature at the 0 to 4 em depth for bar ley . 
Pred ic t ing so il mo istur e from surface t emp er ature obta ined 
by thermography lead to the mod if icat ion of Meyer ' s  f in ite d if ­
f erence model . Tunheim ( 19 7 7 )  mod ified this model t o  produce 
temp erature pro f iles for an irr igated and dry plo t  of so il with 
ident ical homo geneou s so il prof iles . From these two temp erature 
prof iles ,  d iff erences cou ld be obtained for a 2 4  hour per iod . 
This was done to relate so il mo isture d if f erence to  sur face temp­
erature d if f eren ce .  Beut ler (1980) mod if ied the program to s imulate 
any s o il prof ile types f or the two plots cons idered . He has also 
shown that the compu ter model c orr ectly s imu lates the funct ional 
dep endency of surface temperature d if f erence throughout the d iurnal 
cycle for bare so ils . Ness ( 1982 ) fur ther mod if ied the model to 
accept crop parameter s . He found the computer model pred icts  a 
quadrat ic re lat ionship between mo isture dif f erence and surface 
temperatur e d if f erenc e for t ime independent so il mo is tures . The 
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advantag e of this model relat ing so il mo isture d if f er ence to surface 
temp erature d if f erenc e bypas ses many calibrat ion pro blems faced by 
models depend ing on accurate surface temperatur es , to  pred ict soil 
mo is ture .  With the ava ilabil ity o f  daily thermal infrared data for 
areas of interes t the so il mo isture d if f erence should be ava ilable 
from the r ela t ionship s  pred icted by this model f or surfac e  t empera­
ture d if f erences . 
GENERAL RADIATION THEORY 
Thermal infrared rad iat ion is a small par t of the to tal 
electromagnet ic s pectrum . Understand ing elec tromagnet ic rad iat ion 
(E MR) in general is es sent ial in under stand ing ther mal infrar ed 
rad iat ion . E lec tromagnet ic rad iat ion is a dynamic form of energy 
man if ested only by its interact ion with matter . The propagat ion 
of EMR is g iv en by 
v = f A  
where f is fr equency , A is wavelength, and v is the wave propaga­
t ion velo c ity which is 300 mill ion meters per second in free space . 
Heat energy is the kinet ic energy of  the random mot ion of 
p ar t icles of matter , and the quant ity of heat  energy present in 
a substanc e  is measured by it s t emperature . The molecules exc ited 
by the heat energy move to higher energy states and j ump bac k to 
lower energy states with the emis s ion of E MR. Thu s the heat energy 
is changed to thermal infrared rad it ion . 
An ideal emitter , called a blac kbody , is one which trans­
forms heat energy into radiant energy with the max imum rate permitted 
by thermo dynamic laws. This establishes the maximum rad iat ion rate 
po ss ible when emis s ion is due to the conver s ion of heat energy . 
Any real mater ial at the same t emperatur e canno t emit thermal 
rad iat ion at a rate in exc ess of that of a blac kbody . The r ever se 
process of absorpt ion mu st likewise be maximu m so that a blac kbody 
mu st absorb and c onvert all inc ident rad iat ion energy into heat 
energy r egardless of the wavelength of rad ia t ion . Planc k has 
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der ived a formula for the spectral radiat ion which a blackbody 
should have based upon theoret ical thermodynamic reasoning . Plancks '  
f ormula f or blackbody spec tral rad iation is g iven by 
B 
R ( A) = AA-S ( eAT - 1) -l 
16 2 -2 0 where A is 3 . 7 5 x 1 0- watt meter s  , B is 1 . 44 x 1 0  met er K and 
T is the absolute temp erature-in degrees Kelvin . 
The rad iat ion wavelength spectrum emitted dep end s on the 
temperature of  the blackbody . For very large or very small wave-
leng ths the amount of rad iat ion emit ted is small . For some wave-
leng th between these extremes , the rad iat ion reaches  a maximum 
value depend ing upon the temperature of the blackbody . That wave-
leng th f or which the spec tral rad iat ion ha s its maximum value is 
g iven by the Wien D isp lacement Law 




where A is t he waveleng th of  maximum rad iat ion and T is the tempera-
tur e in degr ees Kelvin . 
The rad iat ion of  a blackbody for the spec tral band. of  all 
wavelengths is g iven by the S tefan-Boltzmann law 
R = cr T
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where cr is the S tef an-Boltzmann constant and T is the ab solute 
temp erature of the body . Any body of  mat er ial at a spec if ic t emp-
erature emits radia t ion in accordance with it s own character ist ics . 
I t  is conven ient and cu stomary to expres s the po tent ial to  emit 
1 0 
rad iat ion due to therma l energy conver s ion as the ratio o f  spectral 
rad ia t ion of a mater ial to the spectral rad ia tion of a blackbody 
at the same temp erature .  This rat io i s  the spectral emis s iv ity of 
that mater ial and is g iven by 
e: = 
where R
m is the rad iat ion emitted by the mater ial and � is the 
rad iat ion emitted by a blackbody at the same temp eratur e .  The 
spectral emis s iv ity is nearly ind ependent of temp erature for mo st 
co mmon ma ter ials in the terrestr ial env iro nment . S ignif icant 
changes in spectral emiss iv ity can be expected whenev er the mater ial 
undergoes a c hange o f  state such as melt ing , vapor izat ion , oxidat ion 
or any o t her change which alt er s  the fundamental arrang ement of  
the atomic and molecular components . 
Kirchhoff ' s  law stat es that under cond it ions of thermal 
equil ibr ium , the spectral emis s ivity of a mater ial mu st be equal 
to the spec t ral absorp tion . One can expect this law to app ly to 
most  terrestr ial condition s .  It i s  c o mmon t o  det ermine the spec tral 
emis s ivity of a subs tance by measur ing it s spectral ab sorp t ion . 
The infrared rad iant emiss ion from any surface is g iven by 
4 
R = e: crT 
where e: is emis s ivit y ,  a is the S t efan-Boltzmann constant and T 
is the ab solute t emp erature of the surfac e .  A lower emiss ivity gives 
the appearanc e of a cooler t emperature sinc e temperature d if f erences 
are detected as emit ted dif f erences in R .  Since terres tr ial materials 
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have a sp ectral emis s iv ity 
·
between 0 . 8 5 and 0 . 95 ( Su it s , 1983 ) , 
the remo tely sensed temperature from the rmal rad iat ion measure­
ments will g enerally be lower than the real surface temperature .  
However , s inc e  the temperatures measured at two d if f erent locat ions 
will be lower than t he ac tual surface temperatures by appro ximately 
the same amount , the d if f erence in temperatures  bet ween two loca­
tions can be measured to good appro ximat ion . 
The atmo sphere also absorb s rad ia tion emitt ed by the earth '·s 
surface and em it s its own radiat ion . This ef f ec t  lead s to an 
attenuat ion o f  thermal infrared rad iation as it  travels through 
the atmo spher e ,  and causes a remo tely sensed· t emper ature of the 
ear th's sur f ac e  to be lower than the actual surface temp erature . 
However , the d if f erence in temperature between two locat ions can 
still be accurately measured if the absorpt ion by the atmo sphere 
is the same over both locat ions . 
FINI TE DIFFERENCE MODEL 
The f inite d if f erence heat-f lo w model used in this p roj ect 
was o rig inally developed by Meyer ( 1 9 72 ). The mod el 's pr imary 
obj ec t ive was to s imulate the transf er of heat throug h a homogeneous 
med ium . Mod if icat ions had to be made to ma ke it apply to a com-
po s ite mater ial such as so il . If each const itu ent of s o il is 
known it is po s s ible to calculate the averag e  thermal conduc t ivity 
o f  the so il . DeVr ies ( 1 963)  has developed an equa t ion that will 
calculate an average thermal conduc t ivity for all const ituent s in 
any soil type . Some of these const ituents in so il are water , a ir ,  
quartz and other soil part icles . Beutler ( 1980) mod if ied the model 
by add ing the DeVr ies calculat ions making the model adaptable to 
any so il type . 
The volumetr ic heat capac ity for each of these const ituent s 
is also an important value necessa ry to calculate the changes in 
so il temperatur e as a funct ion of time . It  is det ermined by multi-
pying the dens ity of each const ituent by it s sp ec if ic heat . This 
produces the heat capac ity per unit volume f or a rty med ium . Kno wing 
the thermal conduc t ivity K,  and the temperature grad ient dT/ d x  for 
the so il med ium , one can calculate the so il heat f lu x  S from the 
relat ionship 
S = K d T/dx, 
2 1 . t 2 where S ha s units of  watts per meter or ca or �e p er sec me er _. 
This r elat ionship makes po ssible the calculat ion o f  the heat f lo w  
from the so il surface do wn to a pr edetermined depth . A vo lume of 
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soil will only increase in tempera ture if the energy leav ing the 
vo lume is les s  than the energy flowing into the volume . The energy 
needed to cause this increase will depend on the vo lumetr ic heat 
capac ity . 
The total energy transf erred in to a so il element must equal 
the sum of the energy transf erred out of the el ement and the amount 
of energy lef t in the soil . This is the conservat ion of energy 
law . By using this law in a f inite d if f erence f o rm and the volu­
metr ic heat capac ity of the so il elemen t, the temp eratur e of f inite 
increment s of  so il can be calculated . 
The model employs a f inite element calculus method such 
that small element s ,  �/ 6t , can be sub st ituted 
·
f ar d x/dt . The 
increments used are one centimeter in thic kness . S ince f if ty 
cent imeter s is considered to be a boundary of  constant temperature 
f or a d iurnal cycle , the model cons ider s f if ty such elements . The 
temperature o f  each increment is found by f irst so lv ing , for the 
temp eratur e of the surface element , and then for each successive 
increment do wn to a f if ty centimeter depth . 
The solar rad iat ion absorbed by the so il surface is  the 
pr imary fac tor in determining the temperatur e prof ile of the soil . 
S ince solar rad iat ion is a func tion of the t ime of  year and lat itude , 
the ma ximum amount of so lar rad iat ion for any g iven day of  the year 
can be calculated for an ideal day at a given loca tion .  Net rad ia tion 
is a linear func t ion o f  so lar rad iat ion and can also be obtainabl e 
402809 
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for any g iven day ( Beutler , 1980) . Dur ing the night time hour s , 
rad iation is emit ted by the so il surface and represents a negat ive 
heat f lo w. The total rad iat ion can then be repr esented by a 
rec t if ied s inuso idal funct ion with a ma ximum at solar noon . 
The model has a time interval of 1 second which allo ws 
good accuracy for an acceptable amount of comput er calculat ion 
t ime .  By kno wing init ial boundary conditions such as init ial so il 
temp erature prof ile , so il con stituent prof ile , so il mo isture pro­
f ile,  incoming solar rad iation and so il surf ace charac ter is t ics 
the model can calculate the rate of heat f lo w  through the so il , 
the energy stored in e ach increment of soil and the t emp eratur e 
for each increment . A schemat ic representat ion of the model is 
shown in Figur e 1 .  
By p erforming a calculat ion for a dry plo t and ano ther 
for an irr igated plo t of so il , it is pos s ible to calculate sur­
face t emperature d if f erence bet ween the two plo t s  throughout the 
diurnal cycle . By keep ing the dry plo t  at a cons tant so il mo isture 
and varying the mo istur e cont ent of the irr igated plo t , several 
calculat ions can be p erf o rmed and a graph can be c on structed 
por traying so il mo isture as a funct ion of surface t emp eratur e 
diff erence . This graph displays a pred icted quadrat ic relat ion­
ship bet ween mo isture dif f erenc e and surface temp erature d if f erenc e 
as shown in Figure 2 ( Nes s ,  1 980) . 
The model can pred ic t the relat ionship bet ween mo isture 
d if f er ence and surface t emperature d if f erenc e for any so il type or 
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Figu r e  1 . Schemat ic r epr esen tat ion o f  the f in it e-d if f er ence mod el 
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F igu r e  2 .  Quadrat ic r e la t ion ship between sur f a c e  t empera tur e  
d if f eren c e  and soil moi s tur e d if f er en c e  a s  pr ed ic t ed 
by f in it e-d iff er ence heat f low mod e l . 
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plant canopy . If  these resulting relat ionship s can b e  e xperi­
mentally verif ied and inde xed for so il types and crop canopie s ,  
soil mo istur e d if f erence f o r  vast ar eas should b e  obta inable u s ing 
surface temp eratur e d iff erences measured by sat ell ite thermal in­
frared detector s .  
EXPERIMENT AL METHODS 
The thermal infrared detector u sed for this proj ect was 
a Telat emp Model AG-42 Infrared Thermometer . This  det ec t or has 
a sp ectral ra nge o f  8 to 14 microns and an accuracy of  + . 5°C .  
This thermal infrared thermometer (TIT) was cal ibrat ed so that its 
output in millivolts was ident ical to apparent t emperature in de­
grees Cel s ius . 
The detector was mounted at a height o f  three meter s as 
shown in Figure 3 .  The detector has a twenty degree angle of  
observatio n. The target area covered by the det ector was appro xi­
mately one square meter . This method of detec t ion is  somewhat 
analogous to a satellite sys t em  which would b e  ut il ized to monitor 
soil mo is ture . 
Emis s iv ity calculat ions were made on the surfaces used in 
pr ev ious research ( Beutler , 1980) . The emis s iv ity values were 
close to 1 . 0  so the detector was adj u sted accord ing l y .  Thu s ,  f or 
this proj ec t, so il and p lant canopies wer e treated a s  near p erf ect 
blackbody rad iator s .  
Data was co llected dur ing the three summer s  o f  1981-1 983 . 
Data was reco rded throughou t the diurnal cyc le on an hourly bas is . 
Per iod s ·u sually la sted from twenty-f our to seventy-two hours . The 
data recorded co ns isted of thermal infrar ed t empera tures , thermo­
couple t emperatures , wet a nd dry bulb air t emp eratur es , so lar and 
net rad iomet er s and soil mo is ture at four depths . The thermocouples 
DV 
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F igure 3 .  Therma l inf r ared thermome t er (TIT) a s  u s ed in d a ta 
c o l l ec t ion .  
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2 0 
were bur ied at surface , 5 em , 1 0  em , 2 5  em , and 5 0  em . This data 
was recorded f or both a dry and irr igated plot of so il so that 
the t emp eratur e d if f erence could be compar ed to so il mo istur e 
diff erences . 
The so il mo is ture wa s monitored by taking so il samples 
every day at 1 2 0 0  hour s (Jackson , 197 6)  for depths of 1-15 em , 
15-3 0 em , 3 0- 50 em , and a surf ace sample . The so il probe lef t 
a ho le about one inch in d iameter . The so il samples were taken 
outs i de of  the square meter target area s inc e the holes lef t by 
the probe would alter the value displayed by the TIT . So il mo is­
tur e  by weight was acqu ired u s ing the grav imeter ic method . The 
wet and dry p lo t s  wer e separated by a four f oo t  deep p last ic sheet 
to mainta in a well def ined mo is ture d if f erence . The plo t s  were 
app �o ximately two met er s wide and four meter s long . Each plo t  
would b e  wet t ed do wn and i t s  c ounterpart lef t  dry . The TIT would 
be set on the e dge of  each plot  and ro tated 180 degrees taking f ive 
read ing s . An averag e of  the f ive r eading s was then u sed in the 
analysis . 
Dur ing the data collect ion period , data f or seventy-four 
d iurnal cycles were recorded . These data wer e d iv ided into their 
respec t ive canopie s .  A s  many as s ix d if ferent p l o t s  were u s ed 
simultaneously with three d ifferent canop ies or d if f erent mo isture 
contrasts . Canopies inc luded spr ing wheat , oat s ,  barley and bare 
surfaces . The canop ies  were planted with s i x  inch r o w  widths . 
2 1  
The data f o r  this study were collec t ed o n  a s ite a t  the 
South Dakota S tate Univers ity Agricultural Eng ineer ing Farm , near 
Brooking s ,  South Dakota . The soil is class if ied , accord ing to 
USDA standard s as a s il t  loam (Beutler , 1980) . 
ANALYSIS TECHNI QUES 
The s tat ist ical ind icator used in det ermining s ignif icant 
correla t ion between so il mo isture d ifference and surface tempera-
ture d if f erence is called the correlation coef f icient of mul t iple 
determina tion . This value , called R2 , is def ined to be 
R2 = SSR 
S ST 
where SSR is the regr es sion sum of square error and S ST is the 
to tal sum of s quare error . This quan tity R2 , ind icates what pro-
por t ion of to tal var iat ion in the response Y is explained by the 
f itted model . R2 x 100%  can be interpreted as the p ercentage of 
var iat ion exp lained by the po stulat ed model . To explain why this 
is true an investigat ion of  linear regres sion must  be made . 
Let (x 1, yi
) ' ( i=l , 2 ,  . • • , n) , denote a random sample of  data 
of s ize  n .  I f  add it ional samples were ta ken u s ing exac tl y the 
same x values , the y values would be expec ted to var y .  Thu s the 
value y
i in the ordered pair (xi , yi
) is a value of some random 
var iable Y
i
. Y / x is def ined as the random var iable Y corr espond­
ing to a f ixed value of x .  · The term l inear regression imp l ies  
that the mean of  Y/x is  linear ly relat ed to x in the u sual slop e 
intercept form 
lly /x a +  Sx 
where �Y/x represent s the mean response to several samples of  f ixed 
values and a and S are par ame ters to be est imated from the sample 
data . Deno t ing the est ima tes of a and S by a and b respect ivel y, 
the es t imated response y is obta ined from the sample regression 
line 
y = a + bx. 
Figure 4 illu s trates the dif f erenc e between the true response 




= �Y/x + Ei wher e Ei is the dif f erence between yi and �Y/x· 
Each observat ion sat isf ies the relat ion 
y 
i 
= a + 
Sx 
i + e: i 
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where e:i is the value as sumed by  Ei and Yi 
takes on the value of 
y
i . S imilarl y, using the es t imated regres sion l ine 
y = a + bx 
each pa ir of observat ions sat isf ies the relation 
where e., the res idual , deno tes the dif f erence between the samp le 
]. 
response and t he est imated regression equat ion . The d if ference 
between £i and e i is  also shown 
in Figur e 4 .  
Parameters a and b ,  the estimates of a and 13, will be con-
structed such that the sum of the squares of the residuals is a 
min imum . The residual sum of squares is of ten called the sum of  
square error s about the regression line and is deno t ed by S S E. 
The min imum.iza �ion·method of es t imat ing parameter s a and b is called 
the method of least squares . Solving for ei , squar ing , S S E  appe ars as 
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F igure 4 .  Co mpar ing unkno wn  hypo thet ical line with sample estimated 
line and c o mpar ing error £i with res idual ei . 
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Taking the par t ial der ivat ive of S SE with respect t o  a and b yield s 
and 
n a( S SE) = -2 E ( y .-a-bx ) a a i=l 1 i 
n a( SSE) = -2 E (y
i
-a-bx; ) xi a b i=l • 
Sett ing the par t ial derivat ives equal to z ero and r earrang ing the 
terms , a set of equations called normal equat ions can be obta ined . 














i=l i =l i =l 
n n 2 
nE X - L (xi) 
i=l 
i i=l 
a = y - bx . 
Thus by knowing the xi and _ yi values it is now po s s ible to calculate 
an est imated r egre s s ion line with slope b and int ercept a .  
In order to construct the R2 valu e ,  it is necessary to 
par t ition the sum of square error s ,  S SE ,  into var iou s  quant it ies . 
S ince 
and 
S SE = 
n 2 
r (y -a-bx ) 
i=l i i 
a = y - bx 
then it c an  be sho wn  (Walpole , 19 78) that 
S SE = 
n 
b L: (x .-x) (y  .-y) . 
i=l 1 1 
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B y  rearrang ing ter ms and subst ituting f o r  b ,  S S E  can b e  s plit into 




S S R  b l: (x
i
-x) (yi-y) i =l 
such that 
SSE = SST - S S R  
where S S T  indicates the total var iat ion about the hypothet ical r e -
gres s ion equat ion 
llY/x 
= a + Sx 
and S SR ,  called the regression sum of square error indicates how 
much of this var iat ion is due to the regres s ion para met er s . Thu s 
SSE indicates the amount of var iat ion in the r es ponse not expla ined 
by the est imated regression equat ion . Hence an R2 value of one , 
R2 = SSR = l SST ' 
implies t hat the S SR value equals the SST value cons t itut ing zero 
error . An R2 value of zero ind icat es S SR = 0 leaving 
SSE = S ST 
ind icat ing tha t  no correlat ion exists between the inde pend ent var i-
able x
i 
and the response y
i
. 
In construct ing multiple linear regr es s ion relat ionships , 
the sa me procedures  ar e used as in s imple linear r egr e s s ion . The 
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purpose of mul t iple linear regres sion relat ionship s is to f ind other 
var iables that can account for the response . For the case of K in-
dependent var iab les , x
1 , x2 , • . • xk
' the mean of Y /x1 , x2 , • . . xk , is 
g iven by the multiple l inear regress ion model 
and the e s t imated response is obtained from the sample regression 
equat ion 
where each coeff ic ient S is est imated by b i , ( i=l • • •  n) , from n 
sampl e  data u s ing the method of least squar es . In construct ing 
the mul t iple l inear regress ion equat ion , the error or res idual 
term can again b e  added such that 
wher e y
i 
is the response due to xi and ei is the res isual associated 
with the resp onse y .. In us ing the least squar es method to arr ive 
l. 
S SE = 
n 2 n 
E e = E (y  -b -b X - -b x )2 
i i 0 1 1 " 
. . • 
k k' i=l i=l 
l. l. 




. • . , b
k
, 
and generat ing K + 1 normal equat ions . Each coef f ic ient bk can be 
so lved f or as in the simple linear regress ion . Ho wever the more 
variables xk that  are added to the est imated regr e s s ion model , the 
more complex it is to so lve the normal equat ions s imultaneousl y.  
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By us ing matr ices,  it is · po s s ible for high sp eed computer s  to 
qu ickly g ive estimates of the regression co ef f ic i ent s . Once the 
coef f ic ient s are solve d, SS E can aga in be part it ioned into var ious 
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S SR = � b.g . - ( � yi) , 
j=O J J i=l 
n 
j = ( O , l ,  . . .  , k) and i 
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( 1 , 2 ,  . . • , n) , 
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and 
called the mul t iple correlat ion coeff ic ient , ind icat es the pro-
por t ion of  to tal var iat ion in the response , y., that is expla ined 
1 
by the f it t ed model . In the case of multiple l inear regr essio n 
k n 2 
L b .g .-(  L y.) /n 
j=O J J i =l 1 
n 2 L y
i i=l 
2 Thu s , R can ind icat e the adequacy of a po stulated model 
g iven a set 6_f samp le data , x
k
., y.. In this pro ject R2 was used 
l. l. 
to ind icate correlat ions between so il mo isture d if f er ence , the 
r esponse y
i
, and soil surface temp erature d if f erence which is the 
independent var ia ble x
ki
. A high R2 value indicat es the proport ion 
of var iat ion exp lained by the independent var iables xk is high 
and that the model is a good pred ic tor of the response with the 
g iven sampl e  data . Ho wever , R
2 values can not g ive an a bso lute 
indication as to the content of the po stulated model since there 
may be other independent v ar iables that could b e  used in the model . 
It is also po s s ible that some of the var iab les in the postulat ed 
mod el may no t be neces sary . 
The pr ima ry ob ject ive of this pro jec t was to inves t igate 
the relat ion ship between surface temp erature d if f erence and so il 
mo isture dif f erence . L inear regression and mul i tple l inear re-
gres s ion analys is we re the pr imary methods u sed to o bta in cor-
relations exist ing between the two . S imple lin ear regr es s ion wa s 
3 0 . 
f ir s t used to f ind the d irec t  relat ionship between these two 
var ia bles . Then mul t iple linear regression was u s ed to check the 
quadratic relat ionship s between the same var iables . Other var i­
a bles were add ed in the mult iple regre s s ion calcula t ions to in­
vest igate po s s i ble atmospher ic eff ect s on so il mo isture d if f erence 
pr ed ic t ions . All s tat is t ical models were construct ed such that 
so il mo istur e was the dependent var iable or the pred icted value . 
The independent var ia bles used to pred ict so il mo istur e  d if ference 
were surface t emperature d if f erenc e ,  the square of surface tempera­
ture d if f erence ,  relative humid ity , pressure def ic it , and air 
temperature . 
S tat ist ical Analy sis System ( SAS , 1982 ) a stat is t ical 
package ava ilable on the IBM 3 7 0 -3 03 1  at  the SDSU campu s ,  was 
employed to run stat i s t ical analysis for this proj ect. The pro­
cedur es used were Proc Rsquare ,  Proc S tepwise and Proc Reg . Each 
of these procedures would calculate sta t istical indicator s for 
the var ious con s tructed models . The indicator u s ed for this pro­
j ect  was the Rsquare value . This value ind icates  the amount of 
data pred icted by the model . If the R2 value is . 5 0 then half 
of the actual values are pred icted �  the model u s ing sample 
data . 
The f ir st process in the analys is consisted of construc t ing 
the stat ist ical model . The mo istur e data ava ila ble con s isted of 
average values for the depths of 0-15 em , 15-3 0 em , 3 0-5 0 em and 
a surface samp le . The models construc ted were u sed to pred ict 
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the mo isture at these var iou s depths as well as certain average 
dep ths.  Proc Rsquare was u sed to obtain the R2 value for each 
model . The g eneral format for each of these model s appeared in 
the form : Mo isture Dif f erence =Surface Temperature D if f erence + 
Other Var iables . When the best model was found Proc S t epwise wa s 
employed to ind icate the Rsquare ef fect each var iabl e  had on the 
model thu s  ind icat ing the relat ive importance of each var iable. 
Af ter remov ing any unimpor tant var iables f inal analysis was p er­
f ormed u s ing Proc Reg . This procedure will plo t  the pred icted 
values a s  well as the ac tual values for visual mod el inspect ion . 
The f inal model ind icates the best correla t ion b etween so il mo istur e 
d if f erence and surface temperature d if f erence .  S ince data were 
collected for var ious crop canop ies ; spring wheat , barley , oat s 
and bare d irt , stat ist ical analysis was perf ormed on each crop 
typ e .  
RES ULTS 
The adequacy of  various postulated models wa s inve stigated 
using SAS for regr ess ion calculat ions and the R2 value a s  the 
stat ist ical indicator . The analysis was d iv ided into three cat e­
gor ies consisting of bare so il , small grain canopy and a canopy 
of spec if ic g rain typ e . The po stulated models were constructed 
such that the response is so il mo isture d if f erence at var ious 
dep ths and the pred ictors were the var ious ind ependent var ia bles 
such as surface temperature d if f erence , air t emp erature and o ther 
clima t ic cond it ions . 
S o il mo isture samples were t aken one hour b efore solar noon 
each day to obtain a mo isture prof ile to a depth o f  50 em . S o il 
samples were collected at the surface , 1-15 em , 15-30 em , and 
3 0-50 em . The result ing values of so il mo isture by weight were 
deno ted as S l , S 2 ,  S 3 , and S 4  respec t ively . The mo is tur e content 
of each sample was determined exp erimentally by weighing the 
sample , drying the sample by microwave oven then weighing the · sa mple 
again . The mo isture to so il rat io is then f ound by d iv id ing the 
diff er ence between or ig inal weight and dr ied weight by the dr ied 
weig ht .  
The so il mo isture d ifferenc e wa s o btained by ca lculat ing 
the d if f er ence between mo isture to so il rat io s  for bo th wet and 
dry plot s .  The so il mo istur e values for samples taken from dry 
plo t s  were denoted as SDl , SD2 , SD3 , and SD4 for S l ,  S 2 , S3 and 
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S4  respec t ively and the values for irrigated plo ts  are d eno ted as 
SWl , SW2 , SW3 , and SW4 respec t ively . 
The d if f er ence in mo isture for each sample d ep th was 
obta ined by calculat ing the dif f erenc e between wet and dry s amples 
of the same d epths . These var ious mo istur e  values are denoted as 
DMl =SWl-SDl , DM2 =SW2-SD2, DM3 =SW3-S D3 and DM4 =SW4-SD4 . S ince so il 
mo isture at one par ticular depth may not have the best  po s s i ble 
correlat ion w ith surface temperature d if f erence , averag es of the 
mo isture d if f erence values at diff erent dep ths were also con­
structed . The average diff erence in mo isture for DMl and DM2 
was denoted a s  
ADU12 = (DMl + DM2 ) / 2 � 
and the average between DM2 and DM3 was denoted as 
AD M23 = (DM2 + DM3 ) / 2 . 
A weighted average mo isture d if f erence with DM2 g iven twice the 
weight as DMl and DM3 was also cons tructed by 
WAM = (ADM12 + ADM2 3 )  /2 • 
Three more mo isture d if f erenc e values were constructed to 
cons ider average mo isture dif f erences for the total prof ile between 
wet and dry p lot s . The f ir st is calculated by the equation 
DM = (DMl + DM2 + DM3 + DM4 ) / 4 . 
The second is calculated by 
DMA = (DMl + DM2 + DM3 ) / 3 . 
The third is calculated by 
DMC = (DM2 + DM3 + DM4) / 3 . 
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Thus , ten po s s ib le mo istur e dif f erence values were u sed in con­
struc t ing models correlating so il mo isture d if f erenc e to surface 
temp erature d if f er enc e .  
Apparent sur f a ce temperatur es recorded throughout the 
d iurnal cycle were somet imes errat ic due to occasional cloud s 
pas s ing overhead , bare spo ts of soil in an otherwise canopy-covered 
targ et area , and var ious other factors . By plott ing this tempera­
tur e data as a funct ion of t ime ,  a smoo thing curve was f itted to 
the or ig inal data by use of a cubic spl ine (Kimball , 1 9 7 6) as 
shown in Figure 5 .  The maximum temperature d if f er ence b etween a 
wet and dry p lot could b e  obtained from the f itted temp erature 
curves by locat ing the maximum temperature d if ference from a plot  
as sho wn in F igure 6 .  This ma ximum temp erature d if ference u sually 
occurr ed at about 1 400 hours ( CDT ) . The t emp erature d if f erence 
found in this ma nner was denoted as FT . The t emperatur e d iff erence 
from the or ig inal data was also used in the stat ist ic s and was 
denot ed a s  RT . 
P sychromet er read ing s were al so taken throughout the d iurnal 
cycle . These read ing s cons isted of wet bulb and dry bulb tempera­
tures . From these t emperatures it was po s s ible to c ·alculate several 
climat ic cond i t ions such as vapor pressur e ,  saturat ion pres sure , 
relat ive humid ity , and vapor pres sure def ic it . The dry bulb 
temp erature r ead ing ind icat es the out s ide air t emperature and 
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F igure 5 .  Surface temperature for irr igated and nonirr igat ed 
wheat canop y plots f itted to a smoothing curve . The 
higher surface temperature values corre spond to the 
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F igu re 6 .  Temperature dif f erence curve for wet and dry wheat plo ts . 
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relat ive humid ity as RH. These climatic cond i t ions wer e used in 
the statis t ical models and tested for s ignificance .  
The fir st  models construc ted for analysis wer e  based on 
bare so il p lo t s . These plo ts  were prepared by removing all vege-
tation and smoothing the sur face . One plo t was irr igated and the 
o ther left dry . For this case the temperatures r ecorded were not 
fitted t o  a smoo thing curve and only or ig inal t emp erature dif-
fer ences were used in the analysis . 
The fir s t  s tat ist ical model construc ted in the analysis 
o f  bare soil plot s yielded the equat ion 
DMl = . 85RT - 2 . 93 
This par t icular model produced an R2 value o f  . 62 ind ica ting that 
6 2 %  o f  the mo isture d i fference response is expla ined by sur face 
t emperature d ifference .  This highly sign ificant correlat ion for 
the sur face sample is shown in Figure 7 .  
The second model construc ted yielded the equat ion 
DM2 = . 09RT + 1 . 97 .  
Thi s model produced an R2 value equal to . 07 ind icat ing v irtually 
no correla t ion between mo isture di fferenc e DM2 and sur face t empera-
ture d i fference RT . The resultant graph is sho wn in Figur e 8 .  
The t hird model constructed yielded the equ at ion 
ADM12 = . 4 7 RT - . 47 
wh ere ADM12 is  the average percent mo is ture d i fference b etween DMl 
2 
and DM2 . This model produced an R value equal t o  . 63 ind icat ing 
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Figur e 7. L in ear r egr e s s ion between sur f a c e  t emperatur e d iff er enc e 
RT and s o il mo i s tu r e  d if f eren c e  DIU f o =  bar e  so il . 
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Figur e 8 .  L inear r egr e s s ion b etw·een sur f a c e  t emp er a tur e d if f erenc t 
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F igur e 9 .  L inear r egr e s s ion b e t"tveen sur f a c e  t emp erature d if f er enc e 
RT and soil mois tur e d if f er enc e ADH12 f or bar e soil . 
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Attemp t s  to use other available var iables d id not yield a 
2 s ignif icant incr ease in R values .  These variables include the 
surface temp erature d if f erence squared ,  relative humid ity and air 
temp erature .  Pr essure def ic it was no t available.  A summary of 
R2 values produced by the var ious models is sho wn in Table 1 .  
The second par t of the analys is is to con s t ruc t models 
based on the data from canopy covered so il s .  These plo ts  con-
tained canop ies of var ious small grain s .  All crop types were 
cons idered to be indist inguishable. 
The f ir s t  stat is tical model yielded the equ at ion 
DMl = . 31RT + 7 . 41 
This model produced an R2 value equal to . 08 ind ic at ing virtually 
no correlat ion . The r esultant graph is sho wn  in F igur e 1 0 .  No 
improvement in R2 value was noted when fit ted temp erature d if-
f erences wer e u sed . 
The second model yielded the equat ion 
DM2 = . 4 9RT + 2 . 8 6 
This model produced an R2 value of . 3 9 which is low but s ignif icant . 
The resultant graph is shown in Figure 11.  Replac ing the tempera-
ture d if f erence with the f itted temperature d if f erence yielded the 
equation 
DM2 = . 58FT + 3 . 11 
produc ing an R2 value equal to . 38 .  This result i s  sho wn in 
Figure 12 . 
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TABLE 1 
R2 for Bare Soil Models 
IndeEendent Variables DeEendent Var iables 
DMl DM2 DM3 DM4 DM DMA DMC ADM12 ADM23 WAM 
RT . 61 . 07 . 02 . oo . 19 . 4 2 . oo . 63 . oo . 38 
RT RT2 . 62 . 17 _ . 11 . 08 . 24 . 43 . 12 • 63 . 14 . 42 
RT DB . 61 . 12 . 14 . 09 . 27 . 4 6 . 13 • 63 . 13 . 43 
RT RT2 DB . 6 2 . 2 0 . 2 0 . 14 . 3 0 . 4 7 . 2 2 • 63 . 2 3 . 4 6  
43 
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F ig ur e  12 . L in ear r eg r es s ion b e tween sur f ac e  t emp er a tu r e  d if f er ence 
FT and so il mo i s tur e d if f e r ence DM2 for sma l l  gra in 
c anop i e s . 
The next mod els invest igated used ADM12 and yielded the 
equat ion 
ADM12 = . 40RT + 5 . 15 
and 
ADM12 = . 40FT + 5 . 5  
produced R2 values of  . 2 6 and . 19 respectively . These results 
ar e shown in Figure 13 and 14 . 
The n ext models constructed yielded t he equat ions 
ADM23 = . 47RT + 2 . 61 
produc ing an R2 value of . 41 and 
ADM23 = . 57RT + 2 . 7 6 
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produc ing an R2 value equal to . 42 �  These two resultant graphs 
are shown in Figure 15 and 16 . A table of  all models with s igni­
f icant results are shown in Table 2 .  The a ir temp erature ,  DB , 
was the only signf ic iant climatic var iable . 
The third and f inal part of  the analysi s  investigates 
each canopy type . The canopy types con s ist of  oat s ,  spr ing whea t 
and barley . For each crop , models were constructed as done pre­
v iou sly f or bare and canopy covered so ils . The result ing R2 
values appear in Tables 3 ,  4 and 5 for each crop . 
Models construc ted from oats canopies yielded the equat ions 
DM2 = . 48RT + 2 . 9 1 
produc ing an R2 value of  . 55 and 
DM2 = . 60FT + 3 . 09 
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TABLE 2 
R2 for Canopy Model s 
IndeEendent Var iables DeEendent Var iables 
DMl DM2 DM3 DM4 DM DMA DMC ADM12 ADM23 WAM 
RT . 08 . 39 . 3 1 . 4 5 . 46 . 3 5 . 50 . 2 6 . 41 . 3 8 
RT RT2 . 09 . 41 . 3 7 . 4 5 . 47 . 37 . 51 . 2 6 . 45 . 4 0 
RT DB . 23 . 45 . 3 5 . 4 6 . 55 . 47 . 53 . 3 9  . 47 . 48 
RT RT2 DB . 2 5 . 4 5 . 44 . 4 6  . 58 . 53 . 5 6 . 3 9 . 53 . 53 
FT . 03 . 38 . 32 . 50 . 42 . 30 . 51 . 19 . 42 . 33 
FT FT2 . 04 . 38 . 33 . 51 . 42 . 30 . 52 . 19 . 43 . 33 
FT DB . 15 . 43 . 3 5 . 50 . 50 . 40 . 55 . 3 0 . 4 7 . 4 2 




R for Oat s  Models 
IndeEendent Var iables DeEendent Var iables 
DMl DM2 DM3 DM4 DM DMA DMC ADM12 ADM23 WAM 
RT . 18 . 55 . 37 . 4 6  . 55 . 48 . 53 . 4 2 . 49 . 5 7 
RT RT2 . 18 . 59 . 54 . 47 . 59 . 56 . 58 . 44 . 54 . 57 
RT DB . 3 6 . 63 . 3 9 . 47 . 61 . 60 . 5 6 . 5 7 . 5 9 . 62 
RT RT2 DB . 38 . 69 . 60 . 4 7 . 68 . 71 . 60 . 62 . 68 . 7 2 
FT . 08 . 5 9 . 43 . 60 . 57 . 4 5  . 63 . 3 4 . 55 . 50 
FT FT2 . 09 . 61 . 52 . 60 . 57 . 4 7 . 64 . • 3 4  . 60 . 52 
FT DB . 23 . 69 . 48 . 60 • 65 . 58 . 67 . 50 . 62 . 62 
FT FT2 DB . 23 . 7 5 . 62 . 61 . 68 . 64 . 7 1 . 5 1 . 7 3 . 68 
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TABLE 4 
R2 for Spr ing Wheat Models 
Inde:2endent Var iables De:2endent Var iables 
DMl DM2 DM3 DM4 DM DMA. DMC ADM12 ADM2 3 WAM 
RT . 18 . 13 . 15 . 17 . 28 . 23 . 2 0 . 2 1 . 15 . 21 
RT RT2 . 2 1 . 1§ . 19 . 17 . 2 8 . 23 . 2 3 . 2 2 . 17 . 21 
RT DB . 24 . 13 . 19 • 20  . •  33  . 2 7 . 2 2 . 2 5 . 16 . 23 
RT RT2 DB . 34 . 15 . 2 0 . 21 . 34 . 2 7 . 23 . 2 7 . 17 . 23 
FT . 0 5 . 05 . 14 . 06 . 11 . 09 . 10 . 07 . 08 . 08 
FT FT2 . 05 . 2 9 . 45 . 18 . 13 . 19 . 42 . 12 . 3 6  . 23 
FT DB . 08 . 05 . 16 . 07 . 13 . 11 . 11 • 08 . 08 . 09 
FT FT2 DB . 08 . 29 . 52 . 2 2 . 30 . 23 . 3 0 . 45 . 14 . 42 
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TABLE 5 
2 R for Bar ley Models 
IndeEend ent Var iables DeEendent Var iables 
DMl DM2 DM3 DM4 DM DMA DMC ADM12 ADM2 3 WAM 
RT . 01 . 12 . 10 . 2 0 . 05 • 01 . 2 1 . oo . 14 . 04 
RT RT2 . 04 . 15 . 10 . 2 1 . 07 . 05 . 22 . 04 . 16 . 07 
RT DB . 24 . 4 1 . 2 7 . 2 5 . 45 . 4 1 . 4 6  . 35 . 44 . 44 
RT RT2 DB . 31 . 4 9 . 28 . 2 6 . 52 . 50 . 48 . 4 5 . 4 9 . 54 
Fr . 08 . 15 . 04 . 2 7 . 02 ·• 00 . 22 . 02 . 13 . 01 
FT FT2 . 11 . 1 6 . 10  . 2 7  . 02 . 00 . 22 . 02 . 13 . 01 
FT DB . 2 1 . 48 . 14 . 3 6 . 3 4  . 2 9 . 48 . 2 7 . 40 . 34 
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produc ing an R2 value of . 5 9 .  Plots  f or o a t s  a r e  shown in Figures 
17 and 18 . Models constructed for spr ing wheat and barley d id no t 
yield highly s ignif icant R2 values and are no t plo tt ed . Air tem-
per atur e was aga in a s ignif icant clima t ic var iable . 
In summar iz ing the results  it must b e  remembered that the 
R2 value is an intuitive stat is tical ind ica t ion of  the adequacy 
of a part icular model . No form of hypothesis t es t ing or conf idence 
estimat ion can be accompl ished without making some a s sumpt ions 
abou t the d i s tr ibut ion of the error E . •  However , a s suming the 
l. 
error d is tr ibut ion is normal and random , a global test statistic 
can be employ ed ( Schaef f er , 1982) . This test can be  expressed as 
k R
2 /k 
F ( Cl) = __ _____; ___ _ n ( l-R2 ) / (n-k-l)  
where F denot es the F d istr ibu t ion , k is the number of ind ependent 
var iables , n is the number of sample data , Cl is the level of 
signif icanc e and R2 is the correlat ion coef f ic ien t  squar ed . By 
knowing the number of sample data and number of independent var i­
ables , the R2 value neces sary for s ignif icance can be solved for 
a particular model . Employing this test , R2 values will b e  cal-
culated for the number of sample data and independent var iables 
u sed for each set of sample data analyzed . R2 value s produced 
by var iou s postu lat ed models that are less then the R2 values 
calculated a c er ta in signif icance level will ind icat e  the in-
adequacy of a par ticular model .  
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Bare so il data consisted of 20 sample data . The R2 values 
determining s ignif icance for a = . 05 and a = . 01 were . 19 and . 3 1 
r espec t ively . The models correlating DMl and ADM12 to RT resulted 
2 in R values of  . 61 and . 63 respec t ively . These two models show 
a level o f  s ignif icancE! much beyond the 0 . 01 level . A general 
conclu s ion that results  from viewing Table 1 is that  models cor-
relat ing surface mo isture d if f erences to surface t emp erature dif-
f er ence have better correlat ions than subsurface mo istur e d if ­
f erenc e s . Var iables such a s  RT2 , DB , RH and PD produced no sig- . · 
nif icant increase in R2 values when added to the models . 
Canopy c overed so il data consisted of  5 3  sample data . . The 
R2 values det erm in ing s ignif icance f or a= . 05 and a = . 01 were 
. 07 and . 12 respect ively . The models correlating DM4 and DM to RT 
produc.ed R2 values of . 4 5 and . 46 respec t ively . These two models 
show a level of s ignif icance much beyond the 0 . 01 level . With 
. 2 the add ition o f  DB to the models , a s ignf ic iant increase in R 
wa s f ound . A g eneral conclus ion that results  from viewing Table 2 
is that models correla t ing subsurface mo isture d if f erence to surface 
temperatur e d if f erence have the best result s .  Other c l ima t ic con-
d it ions such as PD and RH had essent ially the same eff ect  as DB . 
S ince DB is much easier to obta in it wa s u sed over the other 
climatic var iables . The quadrat ic term RT2 d id not yield a s ig ­
nif icant incr ease in R2 values . 
Oat s  canopy data cons is ted of 23  · samp le data . The R2 
values determining s ignif icance for a =  . 05 and a = . 01 were . 17 
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and . 2 6 .  All models correlating so il mo isture d if f erence to RT 
and FT were s ignif icant at the 0 . 01 levels exc ep t  the model using 
DMl . A s ig nif icant increase in the R2 value occurr ed in several 
models with the add it ion of DB . DB was aga in used to represent 
the c l � t ic var iables since PD and RH had essen t ially the same 
eff ect . The add it ion of the quadrat ic term d·id no t �prove the 
R2 value in mo st models except for the model u s ing DM3 . This 
model shows a s ignif icant �provement with the add it ion of RT2 
or FT2 • Sub surface mo isture appear s to corr elate best to surface 
temp erature d if f erence . 
S pr ing wheat and barley covered so ils each had 15 sample 
data . The R2 va lues determining signif icance f or a = . OS and 
a = . 01 wer e . 2 6 and . 39 respec t ively . I t  appear s from Tables 
4 and 5 that  these two crops have a very poor correlat ion 
between so il mo isture d if f erence and surfac e temperature d if ­
f erenc e .  
CONCLUS IONS 
1 .  S ignif icant correlations between mo is tur e d if f erence and 
surface temp erature dif f erence have been f ound . 
2 .  Sur face s o il mo istur e samples correlate best to surface 
temp erature d if f er ences for bare so il s . Subsurface so il 
mo istur e d if f er ence samples corr elate best to surface 
temperature d if f er ences for canopy covered so ils . 
3 .  Mo st correlations found were linear . Some mod els  had s ig­
nif icant increases in R2 values with the add i t ion of a ir 
t emp erature .  In mo st cases the add it ion o f  t·he quadrat ic 
t erm was not s ignif icant in mul t iple linear r egression 
analy s is . 
SUGGESTIONS FOR FURTHER STUDY 
Determin ing the so il mo isture for a plot  o f  so il is very 
d if f icult . The amount of error introduc ed in so il mo is ture d if -
f erence data s hould be known t o  a good approximat ion . An in-
ves t igat ion should be made to analyze a mo isture prof ile f or an 
irr igated p lot  to f ind out how well one so il mo is ture sample 
repr esents the to tal soil mo isture prof ile . 
The method in determining mo isture content by microwave 
oven should also be inves t igated . This method should b e  compared 
to other methods to see if var iat ions occur for d if f erent situat ions . 
A po s sible method for determining so il mo isture d iff e� ence 
would be to u t il iz e  the thermocouples bur ied at  var ious depths . 
From thermocouple temperatures at various depths t he thermal 
dif fu s iv ity can be obtained . The d if ference in thermal d if fu-
sivity between irr igated and nonirr igated plo t s  of so il should 
yield a mo isture d if f erence value from the relat ion 
K D = ­
c 
v 
where D is the thermal d iffusivity , K is the thermo conduc t iv ity 
and C is the volumetr ic heat capacity . By knowing the p ercentage v 
of  each const ituent in the so il ,  the thermal .conduc t iv ity and 
heat capac ity can be calculated leaving the p ercentage of water 
to be so lved for . So il temperature data recorded for this proj ec t 
wou ld subs tantiate a large data base for such an invest igat ion . 
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The crop canop ies used in this research were not always 
a good representat ion of an average crop canopy . The wor st 
stat istical r esul t s  were produced by data r ecorded f rom sparse 
canopies with a heavy undergrowth of p igeon gras s .  Poor resul ts 
were also produced by excessively thick and overly irr igated 
canop ies . Good canopy cover s with moderate irr iga t ion produced 
the best r esult s .  The crops planted for this research wer e dr illed 
in . Broadca s t ing t he crop might be better since the thermal in­
frared thermometer could somet imes distinguish the area between s ix  
inch rows in sparsely plant ed canopies . 
LITERATURE CITED 
1 .  Beutler , G . A . , 1980 , Model Development f or Predict ing Soil 
Mo is ture By Thermography, South Dakota S tate Univer s ity,  
M . S .  Thesis ,  7 7  pp . 
2 .  Camillo , P . ,  Schm.ugge,  T . J . , 1981 , "A Computer Program For 
The S imulat ion of Heat And Mo isture Flow In Soils , "  
Agr istars , Greenbelt , Maryland , NASA TM8212 1 .  
3 .  DeVr ies , D . A . , in Physic s of Plant Environment , Van Wij k , W . R . , 
Ed . ,  North-Ho lland Publishing Company , Amst erdam ,  1963 . 
4 .  Heilman , J . L .  and D . G . Moore ,  1981 , "HCMM Detect ion of High 
S o il Mo isture Areas , "  Final Report for Goddard Space 
- Fl ight Center , Contrac t NAS 5-24206 , Greenb elt , Maryland , 
pp . 34-5 9 . 
5 .  Idso , S . B . , R . D .  Jackson and R . J .  Reg inato , 1 97 5 , "Est imat ing 
Evaporat ion : A Technique Adaptable to Remo te S ens ing , "  
S c i·enc e ,  18 9 ,  9 91-9 92 . 
6 .  Jackson , R . D . , R. J .  Reg inato , and S . B .  Id so , 1 97 6 ,  "Timing 
of Ground Truth Acquisition Dur ing Remo te As ses sment 
of S o il-Water Content , "  Remote S ensing of Environment , 
4 : 2 49-255 . 
7 .  Kimball , B . A . , 197 6 ,  "Smoothing Data with Cub ic Splines , "  
Agronomy Journal , 68 : 12 6-12 9 .  
8 .  Meyer , C . R . , 1972 , S imulation of a Surfac e  Thermal Anomaly, 
S outh Dakota S tate Univer sity , M . S .  The s is (Unpublished ) . 
9 .  Moore , D . G . , M . L .  Horton , M. J .  Russel and V . I . Myer s ,  1975 , 
" Evaluat ion of Thermal X/ 5 Detector S kylab S-192 Data 
for E s t imat ing Evaporation and Thermal Proper t ies of 
So ils  for Irr igation Management , "  Proceed ings of the 
NASA Earth Resources Survey Sympo s ium , Hou ston , Texas , 
NASA TM-X58168 : 2 561-2583 . 
10 . Nes s , C . D . , 1982 , Relat ionship Between S o il Mo isture and Soil 
Surface Temperatur e ,  South Dakota S tate Univer s ity , 
M . S .  Thesis , 86  pp . 
11 . Price , J . C . , 1 980 , "The Potent ial of Remo t ely S ensed Thermal 
Infrared Data to Inf er Surface So il Mo isture and Evapora­
t ion , "  Water Resources Re search,  Vo l .  1 6 , No . 4 ,  Pages 
7 8 7 -7 9 5 , August 1980 . 
64 
12 . Ren-hua , Z . , 1 98 0 ,  " Investigat ion of Remo te S ens ing of  So il 
Mo is ture, " Proceed Int Symp Rem S ea s  Env . , pp . 121-133 , 
ill , 198 0 ,  ( 14th) . 
13 . SAS . 1983 . SAS User ' s  Guide : S tatis t ic s . SAS Institute Inc . 
Box 8 000 , Cary , North Carolina , 2 55 1 1 . 
14 . S cheaffer , R . L . , J . T .  McClare ,  S tatis tic s  for Ensineer s ,  
PP • 282 ,  Duxbury Press , Bo ston , 1982 . 
15 . Schmugge ,  T . , 1 9 7 8 , "Remote S ensing of Surfac e  So il Mo isture , "  
Journal of Applied Meteroro1ogy, 17 : 1549-15 5 7 . 
16 . Short , N . M. , and L . M. S tuart , Jr . ,  The Heat Capacity Mapping 
Mis s ion (HCMM) Antho logy, NASA SP-465 , 1982 . 
17 . Su it s ,  G .H . , "The Nature of Electromagne t ic Rad iat ion , "  
Manual of  Remote S ensing , pp . 58 , Vol . 1 ,  Sher idan 
Pre s s , USA, 1983 . 
18 . Reg inato , R . J . ,  S . B .  Idso , J . F .  Vedder , R . D . Jackson , M . B .  
B lanchard and R .  Go ettelman , 1 97 6 ,  "So il Wa ter Content 
and Evaporat ion Det ermined by Thermal Parameter s  
Obtained from Ground-Based and Remot e  Mea surement s , " 
Journal Geophys ic s Research,  81 : 1 617-162 0 . 
19 . Tunhe im ,  J . A . , 1977 , "App licat ion of Heat -Flow Temperature 
Model for Remotely Assessing Near Surface So il Mo isture 
by Thermography , "  OWRT Complet ion Repor t ,  Proj ect 
A-053-SDAK, Agreement No . 14-3 1-0001-604 3 . 
20 . Walpole,  R. E . , and R . H .  Meyer s ,  Probab il ity and S tatist ics 
for Engineer s and Sc ient ist s ,  pp . 280-3 64 , Macmillan , 
1 9 7 8 . 
